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Analysis of Passive Variable Flow Controllers

EXECUTIVE SUMMARY

In this report we develop a novel design for a passively controlled valve that utilizes different
shapes of the bimetallic vane-based controller inside the cooling channel. By taking advantage
of the deformation characteristic of the bimetallic vane, additional flow areas would be generated
to allow more coolant to flow. The pressure drop across the cooling channel would also decrease
accordingly, which allows more heat transfer to take place, and eventually, realize the purpose of
reactivity control.

The basic concept of the passive variable flow controller valve is illustrated in Fig. EC.1.

The summary of the contributions of this report are:

• Identification of materials suitable for bimetallic valve devices

• Optimization of a passive flow controller design for reactivity control

• Detailed sensitivity analysis of parameters affecting controller performance

The work documented here is primarily contained in two other publications included as appendices.
The first appendix is a master’s thesis report from University of Michigan that was the main
mechanism for conducting this work. The second appendix is a corresponding NURETH article
based on this work.

Figure EC.1. Illustration of Principal Mechanics of Bi-metallic Flow Controller

The report (with appendices) describes Finite Element Method (FEM) simulations to evaluate
the deflection of bimetallic membranes for multiple materials, shapes, and thicknesses Further,
Computational Fluid Dynamics (CFD) simulations for various flow controller shapes and con-
figurations to work towards optimization of the device geometry from a flow control capabilities
standpoint are documented. The flow control capabilities were evaluated based on the pressure drop
across the fully open and fully closed device for different fluid mass flow rates and temperatures.
Preliminary results show a good device candidate that allows to reach up to three times in pressure
drop difference between fully closed and fully open devices.

iv



Analysis of Passive Variable Flow Controllers

The feasibility of the device was tested using CFD and FEM simulations, demonstrating that such
a straightforward device geometry could provide a pressure drop alteration of up to 46%-56%,
depending on the selected geometry and temperature over a broad range of flow velocities. It is
critical to note that the proposed geometries are conceptual studies and not the final designs, and
careful consideration should be given to material selection to ensure good corrosion and fatigue
resistance in the flow media and certain operating conditions. Therefore, measures would also
be needed to prevent electrochemical corrosion at the bonding layer of the bimetallic strip or at
the interface, for example, using thin buffer layers or encapsulating strips. Lastly, any radiation
enhanced fatigue or corrosion effects would need to be studied and measured carefully.

A possible direction for future work regarding the utilization of bimetallic devices for flow control
could involve investigating various engineering approaches to use bimetallic features as motion
actuators. These actuators could be mounted outside of the actual flow and actuated thermally
through heat conduction through the walls. This approach might help reduce the requirement for
high corrosion resistance if the valve is in the flow; however, additional attention would need to be
given to sealing the moving parts.
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1. INTRODUCTION

The overall objective of this Nuclear Energy University Partnership (NEUP) is conduct research
into solutions for semi-autonomous or autonomous microreactors. Broadly, in this project we
have understood a key challenge in such a capability to be to perform load-follow maneuvers
without human intervention. To that end, we have considered multiple approaches. One approach
documented in several other project reports [1, 2] and papers [3, 4] used state-of-the-art Model
Predictive Control (MPC) algorithms to determine what systems to actuate in the reactor.

This report focuses on a complementary or alternative approach based on a passive reactivity
control system. The basic principal of this system is to use bimetallic vanes to change the pressure
drop, and thus mass flow rate in the primary loop based on the reactor inlet temperature.

In performing the feasibility studies documented in this report, we considered the target reactor to
be the Holos-quad reactor developed by HolosGen, LLC. An illustration of this reactor is shown in
Fig. 1 and a system diagram with nominal operating conditions is shown in Fig. 2.

Figure 1. Overview of Holos-Quad (Gen 2+) subcritical power modules [5, 6]
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Figure 2. Holos-Quad SPM system design and Design Conditions [7]

Much of the work relevant to this milestone task has been previously documented in two publica-
tions. The first is a master’s thesis from the University of Michigan. The second is an extended
summary recently presented at the 20th International Topical Meeting on Nuclear Reactor Thermal
Hydraulics (NURETH-20). Therefore, we refer the reader to these two appendices for the detailed
description of the work performed to complete this milestone.
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APPENDIX A

NERS 799 Final Report Study of a Novel Variable Flow Controller-Based
Passive Control System Using Bimetallic Vanes
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1. Introduction 

1.1 Background 

A fine-controlled reactivity level in the nuclear reactor has always been one of the most 

significant practices under different working conditions. To achieve this goal, a novel 

design of the passively controlled system that applies different shapes of the bimetallic-

vane-based controller inside the cooling channel has been proposed. By taking advantage 

of the deformation characteristic of the bimetallic vane, additional flow areas would be 

generated to allow more coolant to flow. The pressure drop across the cooling channel 

would also decrease accordingly, which allows more heat transfer to take place , and 

eventually, realize the purpose of reactivity control. 

    Although there have been related studies to investigate variable heat transfer features 

within the reactor’s cooling channels by applying passively controlled systems, specific 

research for using bimetallic valves in the high-pressure and high-radioactive reactor 

atmospheres is relatively limited. Among those previous studies, Pattison et al. (2015) 

used bimetallic strips as thermally actuated valves in an auto thermal microchannel reactor 

[1], proving that the thermally actuated valves can adequately control reactor temperatures 

during disturbances in flow rate to the reforming channel. Pattison et al.’s study mainly 

focused on microchannel reactors, especially the chemical processing part within it, which 

has unique geometry and industrial application compared with other types of nuclear 

reactors. Nevertheless, this study proved the applicability of using passively controlled 

valves within the channel to adjust the heat transfer within the channels. Verstraete et al. 

(2013) studied maximizing the heat transfer performance by performing multi-objective 

optimization of a U-bend in internal cooling channels [2], the enhancement of this design 

ranged from roughly 12∼30% decrease in total pressure loss and an 8∼17% increase in 

heat flow rate, while the drawback was that a fixed geometry cannot enable optimal 

operation under different working conditions. 

1.2 Objective 

    This study aims at studying and testing various novel bimetallic-vane-based passive 

control systems within the cooling channel. By simulating the internal flow process, 

properties, especially the pressure drop along the cooling channel, were monitored under 
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different inlet velocities to evaluate the performance of each passive control system. To 

conduct the simulations, numbers of FEM models with different thicknesses and material 

types were created first to conduct the thermal analysis, then the corresponding 

deformation models were imported to commercial Computational Fluid Dynamics (CFD) 

code STAR-CCM+ to run the CFD simulations. This paper will f irst introduce how were 

the FEM and CFD models established in Sections 2 and 3, including material selection 

and mesh generation, then compare the pressure drop data among different controller 

designs to prove the system’s applicability in Section 4. 

2. FEM Modeling 

2.1 Geometry and Experimental Setup 

    Typically, bimetallic strips use two types of materials with significant thermal expansion 

coefficient variance, which enables the bimetallic strip to convert the temperature change 

into the deformation of the structure. In the originally designed system, 8 U-shape “flower-

vane-shape” bimetal vanes are mounted in a non-inclined controller within the coolant 

channel (Fig. 1). The shorter end of the vane (see Fig. 2) is mounted on the controller, 

while the longer end is not fixed. Different shapes of the controllers will be introduced and 

tested in the following sections. Assuming that the vanes are not deformed at the initial 

temperature, as the temperature increases, the vanes will deform in a certain direction. In 

this study, we set the thermal expansion coefficient of the outer part’s material always less 

than that of the inner part’s material. Therefore, heating the valve results in the U -shape 

vanes becoming V-shape, which opens extra flow windows in the channel consequently. 

The additional flow area would reduce the pressure drop across the cooling channel and 

enhance heat transfer accordingly. 
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Fig. 1: Sketch of the Bimetal Valve (half) in the Cooling Channel 

    As shown in Fig. 1, one passively controller in the channel has eight vanes that are 

mounted on it, these vanes are the same in materials type, geometry, and initial 

temperature, etc. To simplify the simulation, it is reasonable to study one vane’s 

deformation after heating instead of the whole controller. Before deformation, the 

geometry size of the 3-D valve model is approximately 25mm×16mm×4mm (see Fig. 2.), 

while the thickness is subject to change, the initial thickness is 2.5mm. Finite Element 

Method (FEM) models are established based on the given geometry in ANSYS 

Workbench to test the maximum deflection that can be reached after temperature 

increases,  then the deformation models will be imported to STAR-CCM+ for further CFD 

analysis. 

 

Fig. 2: Sketch of Non-deformed Valve 
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To test the pressure drop and mass flow rate when fixing this controller (see Fig. 1) 

within the cooling channel, also considering the symmetric characteristic of the structure, 

we use a quarter cylinder as the channel and set the controller at the center of the channel 

(Fig. 3). Two quarter-circle surfaces are set as the inlet and the outlet of the flow. As the 

temperature increases, water can not only flow through the center quarter circle but also 

through the extra window that appeared as a result of the vanes deformation. The 

deformation level of the vanes is obtained from the simulation results in the following 

sections. 

 

Fig. 3: Flow Channel with Valve 

 

2.2 Material Selection 

    The choice of the bimetal valve’s material plays a critical role in the study. Different 

aspects should be taken into consideration, including thermal properties, bending ability, 

and applicability in nuclear reactors, etc. 

2.2.1 Thermal Properties 

    To achieve a reasonable flow area under certain temperature difference, it is necessary 

to select two materials which 

● has a significant difference in physical properties such as thermal expansion 

coefficient, and Young’s modulus, etc.; 

● can never completely overlap at any of the temperatures in the operating range;  
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● is easy to manufacture and at a low cost. 

    In the previous studies, numerous materials were tested by the researchers to find 

suitable materials with the characteristics mentioned above. At an early stage, Kumar et 

al. (2021) [14] carried out a comparative analysis of deflection in bimetals using different 

material pairs. They tested the Stainless Steel-Copper pair and Stainless Steel-Aluminum 

pair using commercial f inite element modeling software ANSYS and proved that the 

variation in deflection is mainly due to differences in thermal conductivity, coefficient of 

thermal expansion, density, and specific heat, etc., the simulation results fitted the theory 

well. Arnaud et al. (2015) [11] tried different materials to increase the thermo-mechanical 

efficiencies of the bimetallic strip heat engines, they found that Invar (FeNi36) was an ideal 

material to be used; Hsu et al. (2002) [12] studied how membrane thickness would 

influence the performance of the Fe-Ni-Cr/Invar bimetal freestanding membrane, they 

proved that Invar as one material of the bimetallic tool can always have reliable 

performance in different conditions; Panowicz et al. (2016) [13] performed the numerical 

analysis of temperature influence on deformation of the bimetallic element, they tested 

Invar – Incoloy pair, the results showed that this pair performs well in a wide temperature 

range. 

    In sum, among all possible options, Invar has great physical and chemical properties, 

especially its low thermal expansion coefficient (1.2×10−6𝐾−1 , around 10 times less than 

the ordinary steel). It has been widely used in many industrial f ields, including chemistry, 

electricity, and energy. In this study, Invar was set as one of the materials in the bimetal 

valve. 

2.2.2 Applicability in Nuclear Reactor 

    The high pressure and high irradiation reactor environment make certain types of 

materials get thermal fatigue, irradiation damage, or creep easily. Thus, these specific 

materials should be removed from the selection list of the valve’s material. For example, 

some alloys may not be ideal materials due to the high level of absorption of neutrons. 

Generally, materials used in nuclear reactors should simultaneously withstand the 

effects of gamma radiation, high temperature, high pressure, etc., and more important ly, 

capture very few neutrons to maintain the chain reactions. The major requirements for the 

in-core material are concluded as: 

● Low absorption of neutrons; 

● Low corrosion with coolant, fuel, etc.; 
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● Stability under neutron and gamma irradiation; 

● Good anti-creep and anti-fatigue characteristic 

Van Der Schaaf et al. (1988) [15] tested the effect of neutron irradiation on the fatigue 

and fatigue-creep behavior of structural materials of the reactor, they tried the following 

materials: austenitic stainless steel, ferritic martensitic steel, low activation steel, and 

vanadium base alloys, etc. They proved that austenitic stainless steel could produce inter-

granular creep cracks, which formation will be enhanced by radiation-induced segregation 

on grain boundaries; while low activation steel and vanadium base alloys creep-fatigue 

interaction is expected to be less severe because of the retarded creep crack development, 

and ferritic stainless steel is also expected that neutron irradiation will have a limited effect 

on creep-fatigue interaction. Thus, these certain types of stainless steel are among the 

ideal options for the material. 

The ideal material, e.g., Invar, ferritic stainless steel, is expected to satisfy the above 

requirements. 

2.3 Mesh Sensitivity Test (FEM Model) 

The FEM models generated by SolidWorks previously were imported to ANSYS 

Workbench to generate the mesh and run thermal analysis. The global size ranges from 

0.10 mm to 1.00 mm were used to evaluate the maximum deflection, strain, and stress 

value, respectively. The proper values were chosen based on the tendency of the curves. 

In this test, the initial temperature was 50℃ and the external temperature load was 280℃; 

the thickness of the model was 0.3 mm; Invar and ferritic stainless steel were used as the 

bimetal vane’s material. The test results are shown in Fig. 4. 
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Fig. 4: Mesh Sensitivity Study in FEM Model 

As shown in Fig. 4, it is clear that when reducing the element size below and equal to 

0.4 mm, the maximum deformation and strain value doesn’t change significantly, while 

there is no clear trend for the variance of stress under different element sizes. Thus, we 

can conclude that it is a convergence, and continuing to reduce the element size will have 

little influence on these three criteria and will only increase the computation cost. On the 

other hand, the values are not stable for all three curves for element sizes larger than 0.40 

mm, either. Thus, it is reasonable to set the element size of the FEM model as 0.40 mm. 

The corresponding maximum deflection value will be used to create the deformation 

models for further CFD analysis. The original FEM mesh model with 0.4 mm base size 

generated by ANSYS Workbench is shown in Fig. 5. 



9 
 

 

Fig. 5: Mesh Scene of FEM Model 

Some of the prospective material pairs were tested in ANSYS Workbench. The working 

condition including initial temperature, external temperature load, and thickness of the 

model was all the same as mentioned above. The materials which were used for the outer 

part of the bimetal vane were all set as Invar. The obtained maximum displacement results 

are listed in Table 1. 

Table 1: Maximum Displacement of Bimetal Valves with Different Materials 

Inner Side 

Material 

Inner Material Thermal 

Expansion Coefficient 

(1/K) 

Maximum 

Displacement 

(mm) 

Copper 2.4×10−5 10.320 

Titanium Ti-

8Al-1Mo-1V 
8.0×10−6 2.992 

Ductile Iron 1.1×10−5 4.144 

Stainless Steel 

(ferritic) 
1.1×10−5 5.441 

    From the obtained data, the Copper – Invar material pair has the largest maximum 

displacement among all options. Nevertheless, considering that copper is easy to 
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corrosion by water, it is not an ideal material within the coolant channel. For other pairs, 

considering ferritic stainless steel has more extraordinary thermal fatigue resistance, etc., 

characteristic than ductile iron, therefore, we select Invar and stainless steel as the 

materials of the bimetallic valve in the following study. This deformation model was created 

and imported to conduct further CFD simulation. 

 

3. CFD Modeling 

3.1 Physical Model 

    The physical model should be selected based on the Reynolds number . In this study, 

the Reynolds number is at least 50,000 (for the smallest test inlet velocity), which is larger 

than the common turbulence criteria, Re = 2300. Among all different turbulence models, 

the k-ω model predicts well near the wall, while it is not an ideal selection far from the wall. 

In contrast, the standard k-ε model predicts well far from the wall, while it is not sensitive 

to the rotation and swirl of the flow due to the isotropic nature of its turbulent viscosity, it 

needs wall treatment to compensate for the inaccuracy near the wall. Therefore, to 

achieve a better performance, the realizable k-ε model, combined with the two-layer all y+ 

wall treatment was selected. The previous study [10] has proved that this turbulence 

model performs well, especially in simulating the velocity field and pressure field of 

channels with vanes. 

A summary of all physical models used in STAR-CCM+ is shown in the table below. 

Table 2: Physical Models Implementation 

Two-Layer All y+ Wall Treatment Wall Distance 

Realizable k-epsilon Two Layer K-Epsilon Turbulence 

Reynolds-Averaged Navier-Stokes Turbulent 

Constant Density Gradients 

Segregated Flow Liquid 

Steady Solution Interpolation 

Three Dimensional   
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3.2 Boundary Conditions 

    Dozens of surfaces are created in the geometry in STAR-CCM+, each boundary has 

an imposed boundary condition. Among these surfaces, most of them are simply wall 

conditions, except an inlet velocity condition range from 0.5 m/s to 1.5 m/s which is 

imposed for the inlet of the coolant, and the pressure boundary condition imposed for the 

outlet of the coolant. 

3.3 CFD Mesh Model 

    To obtain an accurate CFD simulation result, the design and refinement of the 

computational mesh are of great importance. An ideal option of the mesh is considering 

the computational cost, convergence for the results, etc., at the same time.  Thus, a 

balance of the mesh density and computation cost needs to be reached. 

    The computational mesh for this study mainly includes the following parts: the ordinary 

region, the refinement region which is near the vanes, and the prism layer mesh. The base 

size of the refinement region is manually set as 25% of the base size of the ordinary mesh. 

By applying this guidance, a sketch of the mesh and the refinement region model 

generated in STAR CCM+ is shown in the figures below. 

  

Fig. 6: Sketch of Mesh Sense of CFD Model 
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3.4 CFD Mesh Sensitivity Test 

    The general steps for the mesh sensitivity study are: create a coarse mesh first, f ix the 

number of the prism layer, and change the base size to find the optimal value, then fix the 

base size to find the optimal number of prism layer. In this study, the inlet velocity of 1.5 

m/s is selected to do the convergence test. 

First, the value of base size is studied, the number of prism layers is initially set as 5. 

The base tested in this study ranges from 0.8 mm to 1.6 mm. The effect of the 

computational cost is also considered, and the table that the number of cells changes with 

the mesh’s base size is shown below. When base size reduces 50% percent, the number 

of cells becomes over 5 times larger than the original one. 

Table 3: Number of Cells vs. Base Size 

Base Size (mm) Cell 

0.8 8957951 

1.0 5267787 

1.2 3425307 

1.4 2399981 

1.6 1761200 

    To find out the suitable base size, the number of prism layers is set as 5. As shown in 

Fig. 6, the pressure drop variance is relatively large when the base size is within 1.2 mm 

to 1.6 mm. However, continuing to reduce the base size when the base size is less than 

or equal to 1.0 mm will not make a significant change in the pressure drop. Therefore, it 

is trivial for the result if  further reduce the base size, the 1.0mm base size is sufficient to 

reproduce the internal fields correctly. 
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Fig. 7: Pressure Drop vs. Base Size 

    Next, as shown in Fig. 8, at the fixed base size, as the number of prism layer increases, 

the pressure increases sharply at the early stage, then decrease gradually, reach ing a 

relative convergence. To make a balance of the computation time and the accuracy, the 

number of prism layers is set as 5 in this study.  

 

Fig. 8: Pressure Drop vs. Number of Prism Layer 
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    Residuals are important criteria to judge the convergence of the simulation. For the 

cases finished in this study, the residuals are always less than 1.0×10−4, the residual 

values are shown in the figure below. 

 

Fig. 9: Residuals of Mesh with 1.0 mm Base Size and 5 Prism Layers 

 

4. Results and Discussion 

4.1 Pressure Drop 

The pressure drop for two models: one with deformation vanes, and the other with non-

deformation (closed) vanes were all monitored. Note that both models are non-inclined. 

As expected, the open vanes introduce a larger flow area, which leads to a lower pressure 

drop along the channel for the deformation model. Generally, the pressure drop is about 

46% lower than that of the model with closed vanes. Meanwhile, by increasing the inlet 

velocity from 0.5 m/s to 1.5 m/s, it is shown from the tendency that a higher velocity leads 

to a larger pressure drop along the coolant channel. The outer surface’s pressure drop 

contour with 0.5 m/s inlet velocity (open vanes) is also shown below, it is clear that the 

pressure value changes dramatically near the controller area. 
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Fig. 10: Pressure Contour of the Channel Surface 

 

Fig. 11: Pressure Drop vs. Inlet Velocity with Closed and Open Vanes 

    A new design of the controller which has an inclined orif ice has also been tested with 

inlet flow velocity also ranging from 0.5 m/s to 1.5 m/s, the results are shown in the figure 

below. For this inclination model, the shape of the vanes, as well as the radius of the 

central region, are all the same as the original design, and the inclination angle of the 

orif ice is set as 30° (150°). 
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Fig. 12: A New Design of Controller with an Inclined Orifice 

 

Fig. 13: Pressure Drop vs. Inlet Velocity with Closed and Open Vanes (with Inclined 

Orifice) 

Per simulation results, the total pressure drop is very close to the value obtained from 

the previous design. However, slight differences are found that this design has about 10% 
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lower pressure drop with vanes’ open state, and in contrast, around 15% higher pressure 

drop with vanes closed. 

It is also interesting to compare the pressure drop ratio for the two designs mentioned 

above, note that the pressure drop ratio is defined as the ratio between pressure drop 

reduction before and after using vanes and the pressure drop values without vanes.  The 

model with an inclined orif ice has about 10% larger pressure drop reduction compared to 

the model with a normal orif ice. Therefore, to achieve a higher pressure drop decrease 

compared with that of the initial model under a fixed inlet velocity, this new design can be 

taken into consideration. 

 

Fig. 14: Pressure Drop Ratios of Two Designs 

4.2 Mass Flow Rate 

The liquid may also flow through the windows as the vanes open, so it is meaningful to 

study how much liquid is flowing through the windows and how much is flowing through 

the center. The simulation results of the mass flow rate through different locations are 

shown below. The majority of the flow still passes through the center. 
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Fig. 15: Mass Flow Rate vs. Inlet Velocity 

The results of the mass flow rate ratio are shown in the figure below, which is defined 

as the ratio between the mass flow rate through the window and the mass flow rate through 

the center. The mass flow rate ratio increases slightly when increasing the inlet velocity. 

By increasing the inlet velocity to 3 times, the mass f low rate ratio only increases about 

5%. Thus, we can conclude that the mass flow rate ratio is independent of the inlet velocity. 
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Fig. 16: Mass Flow Rate Ratio vs. Inlet Velocity 

4.3 Different Shapes 

4.3.1 Change Controller’s Inclination Degree 

    It is proved in Section 4.1 that the inclination degree of the controller will influence the 

pressure drop value. The inclination degree, originally set as 150° and defined in Fig. 17, 

can be further reduced until a value close to but not equal to 90°. Additional three models 

with inclination degrees, 170°, 160°, and 140° are created for further CFD analysis. Note 

that the shapes of vanes and controller’s radius remain the same, the corresponding FEM 

models are shown in Fig. 18. 
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Fig. 17: Definition of Controller’s Inclination Degree 

 

Fig. 18: FEM Models with Different Inclination Degrees 

For this set of  the CFD analysis, the inlet velocity is set as 1.5 m/s for all three models. 

Note that the base size of the mesh is the same as the models generated previously. The 

pressure drop values are shown in Fig. 19. Same as the conclusion obtained in the 

previous section, a lower inclination degree can reduce the total pressure drop value, while 

a variance of 30° can only contribute to approximately 8% pressure drop. To sum up, 

introducing inclination can reduce the pressure drop, but not much significantly.  
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Fig. 19: Pressure Drop vs. Inclination Degree 

4.3.2 Rotate Controller for 180° 

    Another option is simply to reverse the orientation of the controller within the channel 

for 180°, a comparison diagram is shown in Fig. 20. The shape of these two controllers is 

the same, while the only difference between the two models is the orientation of the 

models. Note that based on the definition of the inclination degree in Section 4.3.1, the 

inclination degrees for those rotation models will be less than 90°. 

 

Fig. 20: Comparison Diagram of Models Before and After Rotation 
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Five inclination degrees, ranging from 0° to 40°, are tested in STAR-CCM+ to monitor 

the pressure drop values. As shown in Fig. 21, the tendency matches the previous 

conclusion, while the variance of pressure drop is much more significant compared with 

the data obtained from non-reversed models. 

 

Fig. 21: Pressure Drop vs. Inclination Degree for Reversed Controller Models 

Table 4: Comparison of Pressure Drop Before and After Rotation 

  Inclination 

Degree (°) 

Pressure Drop 

(Pa) 

Inclination 

Degree (°) 

Pressure 

Drop (Pa) 
Variance 

1 140 23237.45 40 15982.50 31.22% 

2 160 24302.52 20 20314.86 16.41% 

3 170 25241.33 10 23759.55 5.87% 

    From Table 4 and Fig. 21, by rotating the controller for 180°, the pressure drop will 

reduce. Furthermore, using a controller after rotation can lead to a much sharper reduction 

in pressure drop when increasing inclination angle (e.g., a 30° inclination degree variance 

leads to 7.93% and 32.73% pressure drop variances respectively) . Therefore, to obtain a 

lower pressure drop, it is reasonable to rotate the original orientation of the controller within 

the channel for 180°. Fig. 22 shows the differences in internal velocity fields between the 

two models. The velocity distribution near the controller region has a significant variance. 
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Fig. 22: Difference of Velocity Fields 

4.3.3 Rotate Controller for 180° 

    By swapping the types of the inner and outer material of the bimetallic vanes and 

changing the contact surface of the controller’s ring, one can obtain new controller models 

that have opposite orientations of vanes’ deformation. A sketch of this design is shown in 

Fig. 23.  

 

Fig. 23: A New Design with Opposite Orientation of Vanes’ Deformation  

    By testing different inlet velocities and comparing with the initial inclination models, it 

can be seen that although this new design can reduce the pressure drop by about 46% 

compared with the non-vanes inclination models, it is still approximately 25% larger than 

the models with the original vanes deformation orientation. Therefore, this new model 

cannot contribute to further decreasing the pressure drop. 
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Fig. 24: Pressure Drop vs. Inlet Velocity for 3 Inclination Models 

4.3.4 Reverse Vanes 

Another design is to have vanes on both sides of the controller (see Fig. 25 and Fig. 26), 

while the total number of the vanes can be the same or larger. 

 

Fig. 25: Controller with Vanes on Two Sides (With More Vanes) 
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Fig. 26: Controller with Vanes on Two Sides (With the Same Number of Vanes) 

    The simulation results show that these models have worse performance on reducing 

the pressure drop compared to the original non-inclined model with all vanes at the same 

side. For instance, for the 1.5 m/s inlet velocity case, the pressure drop of the previously 

listed two models are 33524.63 Pa and 26888.82 Pa, which are all larger than that of the 

original model (23487.99 Pa). As shown in the velocity contour of the model with vanes 

on each window, the two vanes still almost close the local region to let the water flow, this 

is the main reason why the pressure drop is very high compared with that in other models. 

 

Fig. 27: Velocity Contour of the Model with Vanes on Two Sides of the Windows (i.e., 

Fig. 25) 

To allow larger flow areas when temperature increases, another new design is to use 

two vanes that will deform towards different sides of the controller for each window, while 

the two vanes are touched at the initial temperature. Note that the width of each vane is 

50% of the initial width. The deformation model is shown in Fig. 28. 
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Fig. 28: Controller with Two Vanes Mounted on One Window (Different Sides, Half -

Width) 

    As expected, the simulation results prove that this design can significantly reduce the 

pressure drop. For instance, the pressure drop for the 1.5 m/s inlet velocity is only 

20915.85 Pa, which is 10.95% smaller than the original model. The corresponding velocity 

contour is shown in Fig. 29, note that the thickness of the controller will influence the 

simulation result greatly for this model since eight windows have already existed at the 

initial temperature. Additional studies using different controller thicknesses are needed to 

verify the influence of the thickness. 

 

Fig. 29: Velocity Contour of the Model with Vanes on Two Sides of the Windows and 

Half-Width (i.e., Fig. 28) 

 

5. Conclusion 

    It has been found in this project that Invar has extraordinary properties to be used in 

the bimetallic material study, including its low thermal expansion coefficient, and high 

stability, etc. The corresponding Invar-Stainless Steel material pair FEM deformation 
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models are created and imported into STAR CCM+ to perform detailed CFD simulations. 

It has been concluded from the simulation results that the channel with open vanes inside 

can sharply reduce the total pressure drop along the pipe and increase the total mass flow 

rate which is flowing through the vane-deformed-generated windows. It has also been 

found that increasing the inlet velocity of the flow can roughly proportionally increase the 

total pressure drop. Furthermore, new design models that have inclined orifices have also 

been studied and the simulation results are used to compare with the current version of 

the design. For example, different inclination models with various inclination degrees, 

vanes deformation orientations, and rotation, etc. are tested and prove that reversing the 

controller can significantly reduce the pressure drop value, while the other two options 

have little or even negative impact on reducing pressure drop. Compared with the existing 

actively controlled valve design, this passively controlled system only relies on the basic 

physical characteristics of the materials, which brings relatively higher reliability. In sum, 

the obtained results of this study are encouraging, which proves the applicability of using 

different designs of the passively controlled valves to adjust the water flow and heat 

transfer within the channels, and finally achieves the purpose of finer reactivity control, 

which is also of great importance in the design of the nuclear reactor. 
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ABSTRACT 

 
Passive flow control devices could be utilized in various parts of a power plant installation, for instance, to 
throttle the flow through temperature-sensitive elements to avoid overheating, redirect flow to heat 
exchangers, etc. This work shows a feasibility analysis for applications of novel bimetallic flow controllers 
of various geometries and their potential performance. Even though the application of bimetallic materials 
is not new and widely used in the automotive industry and in electromechanical devices, its application in 
the nuclear field is limited and usually restricted to the actuation of mechanical components. The present 
study includes final element modeling (FEM) to evaluate bimetallic membranes deflection for multiple 
materials, shapes, thicknesses, and CFD simulations for various flow controller shapes and configurations, 
aimed at the optimization of the device geometry from a flow control capabilities standpoint. The flow 
control capabilities were evaluated based on the pressure drop across the fully open and fully closed device 
for different fluid mass flowrate and temperatures. Preliminary results show a good device candidate that 
allows to reach up to three times in pressure drop difference between fully closed and fully open devices. 
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1. INTRODUCTION 

 
Bimetallic strips were invented by clockmaker John Harrison in the 1750s as a way to counter the impact 

of temperature on H3 marine timekeepers [1]. The principle behind their operation is based on the 

mechanical coupling of two strips of metal with differing coefficients of thermal expansion. When subjected 

to a temperature change, the bimetallic strip will deform in the direction of the metal with the lower 

coefficient of thermal expansion as shown in Figure 1.  

 

 
Figure 1: Working principle 



 

 

The phenomenon of bimetallic strips is currently utilized in a wide range of devices and industries, 

including temperature sensing, thermal actuators, temperature-dependent switches, electrical current 

limiters, and many others. These devices can be found in a variety of sectors, including automotive, 

electromechanical, medical, aerospace and beyond [2,3,4]. Recently, bimetallic strips have also been used 

in the field of renewable energy generation as a means of harvesting thermal energy in the form of a thermal 

motor[5]. Furthermore, some authors investigated application of bimetallic actuated valves for local 

temperature control in microchannel chemical reactors [6] or to enhance heat transfer using adaptive 

bimetallic fins [7].  It was noted the publicly available literature contains quite a several publications 

utilizing FEM methods to evaluate bimetallic stripe deformations for different materials in different 

temperature ranges, which agrees well with analytical models or experimental investigations[8,9,10]. 

To date, there is no reported use of bimetallic systems with significantly different coefficients of 

thermal expansion in the nuclear industry. However, other types of bimetallic systems have been utilized 

in nuclear engineering. For example, bimetallic pipes made of two layers of metal with different corrosion 

resistance properties have been studied and implemented[11]. The use of these pipes allows for the creation 

of piping with enhanced corrosion resistance using less metal. The application of bimetallic pipes in nuclear 

power plants has also led to research into methods for bonding various metals together which might benefit 

the reported study as well [12,13]. 

The purpose of this study is to investigate the potential use of bimetallic strips in the passive control 

of nuclear power plants during different operating regimes. To achieve this goal, a novel flow controller 

incorporating bimetallic vanes within the coolant piping system was designed and tested. The controller 

was able to adjust the pressure drop (friction factors) as a function of coolant temperature, allowing for 

load-following by increasing or decreasing the flow of coolant in designated areas through the deformation 

of the bimetallic vanes in response to changes in temperature. The use of bimetallic strips for passive flow 

control in load-following nuclear microreactors was originally proposed for the Holos-Quad microreactor 

developed by HolosGen LLC. Detailed load following analysis of the Holos-Quad microreactor was 

performed by ANL and HolosGen within an ARPA-E MEITNER program and reported in [14,15]. Where 

five reactor control mechanisms were reported with associated cycle efficiency: turbine bypass, turbine 

throttling, compressor throttling, inventory, and compressor speed, some of which could be used with the 

proposed bimetallic-based flow controller.  

The flow controller consists of U-shaped bimetallic vanes mounted on the ring in the flow control duct with 

machined apertures, inner duct diameter (ID) assumed to be 100mm, and flow controller geometry is shown 

in Figure 2. When the flow temperature exceeds a predetermined setpoint, the bimetallic vanes will deform 

in a controlled manner, opening additional flow windows. This increases the flow area, reducing the 

pressure drop across the flow controller and enabling more coolant to flow. The flow controller can be used 

to either enhance heat removal or redirect coolant towards auxiliary systems. 

  
Figure 2: Bimetallic flow controller. Closed state (left), open state (right). 

In order to evaluate the feasibility of the proposed approach, detailed FEM analyses of the bimetallic strips 

of different material compositions for assessing achievable vane deformation and CFD analyses of fully 

open flow controllers at different coolant flowrates to estimate possible pressure drop reduction between 

fully open and fully closed flow controller states. 

 

 

 

 



 

 

2. Bimetallic strip material selection and deformation analyses using FEM methods. 

 
There are several approaches reported in the literature to estimate bimetallic strip bending (deformation) as 

a function of stripe thickness, length, and material properties, e.g., thermo-expansion and Young's modulus 

at different temperature conditions [8,9,10], however the application of such methods for nonregular shapes 

and multiplane bending might pose some difficulties. Hence it has been decided to utilize FEM simulation 

tools such as Solidworks simulation (for rough deformation estimation) and ANSYS for higher fidelity 

deformation conformation[16, 17].   

 
Figure 3: Sketch of Non-deformed bimetallic vane (left) and assembled flow controller (right). 

The bimetallic vanes used in this study are designed with a U-shape to maximize deformation and have an 

inner layer with a higher coefficient of thermal expansion. This allows maximizing vanes bend away from 

the ring. Vane is mounted on the opposite side of the flow controller ring using a screw (see Figure 3). At 

the initial temperature, the vane is not deformed and fully closes the apertures in the ring. 

 

In the selection of materials for the bimetallic vanes, it is important to consider the properties of the flowing 

media from a corrosion resistance perspective, as well as the effects of neutron and gamma radiation 

exposure and temperature fluctuations on material fatigue. These factors are especially critical for bonding 

between different metals in the bimetallic strip. However, at this stage of the study, we are only verifying 

the general feasibility of the proposed flow controller without a specific installation location. Therefore, the 

initial material selection is primarily based on the coefficient of thermal expansion. 

 

In the present study, we selected the nickel-iron alloy FeNi36, also known as "Invar," for all performed 

analyses. This alloy has a very low coefficient of thermal expansion 1.2×10−6𝐾−1  which remains almost 

constant in a wide range of temperatures up to 500 K and also exhibits good fabrication properties including 

ductility and toughness [18]. In addition, parts made of Invar alloy can be successfully manufactured using 

wire-arc additive manufacturing methods without defects such as pores, cracks, or lack of fusion. This fact 

may be important for the fabrication of parts in the future [ 19]. In the material selection process, various 

materials were considered for the inner vane layer. The properties of these materials, including their thermal 

expansion coefficients and maximum displacements, are summarized in Table 1. Ultimately, stainless steel 

was chosen for use in the further analysis due to its satisfactory corrosion resistance compared to copper, 

as well as its adequate displacement compared to titanium alloy and ductile iron. 

 

 

 

 

 



 

 

Table 1 Inner layer materials 

Material Coefficient of Thermal 

Expansion (1/K) 

Maximum 
Displacement 

(mm) 
 

Copper 2.4×10−5 10.32 

Titanium Ti-8Al-1Mo-1V 8.0×10−6 2.99 

Ductile Iron 1.1×10−5 4.14 

Stainless Steel (ferritic) 1.1×10−5 5.44 

 

Initially, it was planned to use Solidworks Finite Element Method (FEM) simulation capabilities to predict 

vane deformation under heat exposure. Preliminary simulations using relatively thick samples (10mm) 

demonstrated good agreement with theoretical curves, with a difference of within 3%. The accuracy of 

these simulations was also confirmed by the SOLIDWORKS Simulation Validation report[20]. However, 

when the vane thickness was reduced below 1mm, it became difficult to achieve good control over the 

computational mesh, making it challenging to verify mesh sensitivity. As a result, further FEM analyses 

were conducted using ANSYS. A sample of the FEM mesh of a single vane is shown on Figure 4.     

 

 
Figure 4: Vane FEM mesh example 

 

A mesh sensitivity study was conducted using a 0.3mm thick vane made of Invar and ferritic stainless steel, 

which was heated from 50°C to 280°C. The results indicated that the deflection of the vane was relatively 

independent of the mesh size once the azimuthal size of the mesh elements was reduced below 0.4-0.5mm 

(see Figure 5 (left)). However, the stress results still showed some variance, even though they did not appear 

to be sensitive to the actual computational mesh element size (see Figure 5 (right)). Therefore, the results 

obtained with an element size of 0.4mm can be considered mesh-independent and can be used to obtain the 

deformed shape of the vane for further computational fluid dynamics (CFD) analyses. The final state of the 

vane simulated with 0.4mm mesh elements is shown in Figure 6. In addition, a wide range of vanes 

thicknesses was studied to acquire detection values as a function of vane thickness, obtained results reported 

in Figure 7. 

 

 

 



 

 

  
Figure 5: FEM mesh sensitivity of maximum deflection (left) and maximum stress (right). 

 

 
Figure 6: Deformed flow controller vane. 

 

 
Figure 7: Maximum deflection vs. vane thickness. 

 



 

 

3. Flow controller analysis using CFD methods. 

 
3.1. CFD simulation setup 

 
The deformed vane profile obtained from the FEM simulation was imported into the flow controller CAD 

geometry and attached to the flow controller ring. Several simplifications were implemented to simplify 

the geometry and meshing, including the omission of the U-shaped mounting parts and screws, as their 

contributions were considered negligible at this stage. Only the main part of the vane that closes the ring 

slots was considered in the CFD analysis. All CFD simulations were conducted using Siemens Simcenter 

STAR-CCM+ 2021.2. The performance of the flow controller was evaluated based on the pressure drop 

ratio for fully open and fully closed vanes for a range of flow velocities from 0.5 m/s to 1.5 m/s at the inlet 

of the simulated domain and with a pressure boundary condition at the outlet of the coolant, where the 

coolant type is water. The length of the entire domain was 1.1m upstream, and the downstream sections 

were meshed using extrusion. The inlet velocity was set as a uniform for the entire inlet section. While this 

may not guarantee fully developed flow at the flow controller, it can still be considered a reasonable 

assumption as it is uncommon for pipes in power plants to run straight for several diameters. Furthermore, 

we are only estimating the relative pressure difference between the open and closed devices. In future work, 

verifying the performance under actual flow conditions will be necessary. A quarter symmetry was utilized 

in order to reduce the computation burden. Flow domain schematic and flow controller detalization used in 

CFD simulations are shown in Figure 8, the maximum deflection, in this case, is 5.45mm. 

 

 

 
Figure 8: Flow controller CFD domain (left) and zoomed controller ring with bimetallic vanes 

(right). 

 

Simulations were conducted using the realizable k-eps two-layer turbulence model. A CFD mesh sensitivity 

study was performed at a velocity of 1.5 m/s. The meshed region was divided into two parts, with base-size 

cells in the periphery and four times finer cells in proximity to the flow controller, as indicated in Figure 9. 

"Five different base sizes were evaluated. The tested base sizes, corresponding final domain sizes, and 

pressure drop variations are summarized in Table 2. It should be noted that a two-fold reduction in the base 

size leads to a five-fold increase in the computational mesh. Despite the maximum pressure drop difference 

between the tested meshes being only 1.46%, we decided to continue the simulations using the second 

smallest base size of 1.0mm. Additionally, the sensitivity of the mesh was tested with respect to the number 

of prism layers, with five options tested using 3, 4, 5, 6, and 7 prism layers. The maximum pressure drop 

difference was evaluated as approximately 1.4%. All further simulations were performed using five prism 

layers. 

 
 



 

 

 

 

Figure 9: Computation mesh in proximity to the flow controller. 

 

Table 2 CFD mesh sensitivity study 

Base size (mm) Number of Cells (mln) Pressure drop change (%) 

0.8 8.96 0.00 

1.0 5.27 -0.16 

1.2 3.43 -0.52 

1.4 2.40 -1.42 

1.6 1.76 -1.26 

 

3.2. CFD simulation results 

 

Simulation results for the baseline flow controller geometry are presented in Figure 10. The Figure 10 (left) 

shows the pressure drop as a function of inlet flow velocity for two cases with fully open and fully closed 

vanes. Notably, it can be observed that the pressure drop ratio between the open and closed vane scenarios 

varies very little over the entire range of examined inlet velocities. The controller with fully open vanes 

offers approximately 46% pressure drop reduction with respect to fully closed vanes. In addition to the 

pressure drop, we have found out that in the case of fully open vanes around 30% of the mass flow goes 

through the slots in the controller ring as it is indicated in Figure 10 (right). A more detailed understanding 

of the flow field within the flow controller can be obtained from Figure 11 (left). The figure shows how the 

flow passes through the slot and is redirected by the vanes, resulting in the formation of a recirculation 

region, as indicated by the streamlines. Figure 11(right) shows the same area in the form of 2D planes for 

better understanding. 

 

 



 

 

  
Figure 10: Flow simulation results, pressure drop across the flow controller (left), mass flow ratio 

for center aperture vs. ring slots (right). 

 

 

 
Figure 11: 3D rendering of the flow field and associated streamlines within the flow controller (left) 

and velocity magnitude in the middle-vanes and between vane sections (right). 

 

To achieve a larger pressure drop ratio, a flow controller with a modified ring geometry was simulated. The 

ring was inclined towards the inlet for 30deg, while maintaining the same diameter for the central aperture 

as before as shown in Figure 12. This shape provides a more direct path for the slot flow when the vanes 

are open, but will also result in a higher pressure drop when the slots are closed. Simulation results shown 

in Figure 13 indicates that the pressure drop in fully closed conditions increased by approximately 10%-

14% compared to the previous geometry with closed vanes. However, in the case of fully open vanes, the 

absolute pressure drop was reduced by 7%-9% compared to the previous geometry. And after geometry 

modification, the controller with fully open vanes offers approximately 56% pressure drop reduction with 

respect to fully closed vanes. That is ~1.22 higher controllability with respect to the previous geometry. The 

overall flow field in the controller region (Figure 14) is very similar to the previously simulated geometry 

Figure 11(right), except for the reduced size of high-velocity regions between vanes that could speak of 

more uniform flow. 



 

 

 
Figure 12: Modified flow controller geometry. 

 

 
Figure 13: Flow simulation results, pressure drop across modified flow controller 

 

 
Figure 14: velocity magnitude in the middle-vanes and between vane sections 

 



 

 

4. CONCLUSIONS 

 
In summary, this study presents a new device based on bimetallic strip deformation that could be used as a 

passive flow controller for fluid flow redirection or flow reduction based on the temperature of the flowing 

media in various regions of power plant piping systems. The feasibility of the device was explored through 

CFD and FEM simulations, which demonstrated that such a simple device geometry can offer up to 46%-

56% pressure drop change, depending on the selected geometry and temperature in a wide range of flow 

velocities. It should be noted that the proposed geometries are conceptual studies and not final designs, and 

careful consideration should be given to material selection to ensure good corrosion resistance in the 

intended flow media and operating conditions. Additionally, measures should be taken to prevent 

electrochemical corrosion at the bonding layer of the bimetallic strip or at the interface, such as the use of 

thin buffer layers or encapsulating strips. 
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